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SI Materials and Methods 
Construction of bacterial strains and media 
Cells were cultured in lysogeny broth (LB). A concentration of 100 µg/ml ampicillin, 15 
µg/ml tetracycline and 0.2% (w/v) arabinose was supplemented as needed. The generalized 
transducing phage of S. typhimurium P22 HT105/1 int-201 was used in all transductional 
crosses (Sanderson & Roth, 1983). The artificial fliK363 variant was synthesized by Integrated 
DNA technologies and the nucleotide sequence is given in Figure S5.  
 
β-galactosidase assays 
β-Galactosidase assays were performed using three independent, biological replicates by the 
method described in (Zhang & Bremer, 1995) with minor modifications as outlined in 
(Erhardt & Hughes, 2010). Miller units were calculated as described (Miller, 1972).  
 
FliK secretion assay, SDS-PAGE and Western Blotting 
Levels of protein secretion were analyzed by Western blot. Overnight cultures were diluted 
1:100 in LB media and grown for two hours at 37˚C. Induction of flagellar genes was 
performed by addition of 15 µg/ml tetracycline. After an induction period of 60 minutes cells 
were spun down and washed twice with equal volumes of PBS to remove tetracycline. 
Subsequently, cells were resuspended in LB media containing 0.2% L-arabinose to induce 
FliK production. Samples were taken at different time points up to 45 minutes after arabinose 
induction. The optical density at 600 nm was determined immediately for all samples. 1.5 ml 
aliquots of the cell culture were centrifuged for 1 min at room temperature and 14,000 rpm to 
separate pellet and supernatant. The supernatant was filtered through a 0.2 µm low protein 
binding filter (Acrodisk Syringe Filter, PALL Life Sciences) to remove remaining cells. 
Secreted proteins in the filtered supernatant were precipitated by addition of final 10% TCA. 
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The supernatant samples were resolved in Laemmli sample buffer (BIO-RAD) and adjusted to 
20 OD units per µl. The cellular fraction was pelleted by centrifugation, the remaining 
supernatant was removed, and the pellet was adjusted to 20 OD units per µl in 2x SDS sample 
buffer. Whole-cell lysate and cultural supernatant were subjected to SDS-PAGE on a 4-20% 
gradient gel (BIO-RAD). Equivalents of 200 and 300 (or 400) OD units were loaded for the 
cellular and supernatant fractions, respectively. Protein levels were analyzed by 
immunoblotting using anti-FliC, anti-FliK and anti-FliM antibodies (rabbit) for detection. To 
visualize antigen-antibody complexes, secondary anti-rabbit-IRDye690 antibodies (LI-COR) 
pr anti-rabbit-HRP (Bio-rad) were used. Densiometric measurements of FliK and FliM bands 
were performed using the LI-COR Odyssey Infrared Imaging System software. 
 
Fluorescent microscopy 
For fluorescent microscopy analysis of flagellar hooks and filaments, an overnight culture was 
diluted 1:100 in fresh media and cells were grown to mid-log phase. Afterwards, flagellar 
gene expression was induced by addition of 15 µg/ml tetracycline and fliK expression from 
the chromosomal ara locus was induced by addition of final 0.2% arabinose. About 30 µl cells 
were applied to a well formed by a poly-L-lysine treated coverslip separated by a double-sided 
sticky tape from a microsope slide. After immobilization, cells were fixed by addition of final 
2% formaldehyde and 0.2% glutaraldehyde. Flagella were stained using polyclonal anti-FliC 
antibodies (rabbit) and anti-rabbit conjugated Alexa Fluor 488 secondary antibodies 
(Invitrogen). Hooks were stained using monoclonal anti-hemagglutinin conjugated to Alexa 
Fluor 594 (Invitrogen). DNA staining was performed using Hoechst (Invitrogen). Images were 
collected with optical Z sections every 100 nm using an Applied Precision optical sectioning 
microscope and deconvolved using softWoRx v.3.4.2 (Applied Precision). The pixel data of 
individual Z sections of the deconvolved images were projected on a single plane using the 
An infrequent molecular ruler controls flagellar hook length in Salmonella enterica 
 
 Page 3 
Quick Projection tool (settings: maximal intensity) of softWoRx Explorer v1.3 (Applied 
Precision). 
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SI Figure legends 
 
Figure S1: Motility of model strains. 
Overnight cultures were grown in LB and poked into motility agar containing 15 µg/ml 
tetracycline and/or 0.2% arabinose, respectively and incubated for 5 hours at 37 °C. 
(a) Motility of the model strain TH16791 (PtetA-flhD+C+ ParaBAD-fliK+ ∆fliK) in the presence of 
15 µg/ml tetracycline and 0.2% arabinose. TH6701 (∆araBAD::tetRA), TH3730 (PtetA-
flhD+C+), TH16791 (PtetA-flhD+C+ ParaBAD-fliK+ ∆fliK). 
(b) Motility of strains TH3730 (PtetA-flhD+C+), TH16791 (PtetA-flhD+C+ ParaBAD-fliK+ ∆fliK), 
TH166996 (PtetA-flhD+C+ ParaBAD-fliK-yscP(217-381) ∆fliK) and TH16997 (PtetA-flhD+C+ 
ParaBAD-fliK(∆aa161-200) ∆fliK) in the presence of 15 µg/ml tetracycline. 
(c) Motility of strains TH3730 (PtetA-flhD+C+), TH16791 (PtetA-flhD+C+ ParaBAD-fliK+ ∆fliK), 
TH16996 (PtetA-flhD+C+ ParaBAD-fliK-yscP(217-381) ∆fliK) and TH16997 (PtetA-flhD+C+ 
ParaBAD-fliK(∆aa161-200) ∆fliK) in the presence of 15 µg/ml tetracycline and 0.2% arabinose. 
(d) Motility of strains TH3730 (PtetA-flhD+C+), TH16941 (PtetA-flhD+C+ ParaBAD-fliK+ ∆fliK 
flgE::3xHA), TH17011 (PtetA-flhD+C+ ParaBAD-fliK-yscP(217-381) ∆fliK flgE::3xHA) and 
TH17012 (PtetA-flhD+C+ ParaBAD-fliK(∆aa161-200) ∆fliK flgE::3xHA) in the presence of 15 
µg/ml tetracycline. 
(e) Motility of strains TH3730 (PtetA-flhD+C+), TH16941 (PtetA-flhD+C+ ParaBAD-fliK+ ∆fliK 
flgE::3xHA), TH17011 (PtetA-flhD+C+ ParaBAD-fliK-yscP(217-381) ∆fliK flgE::3xHA) and 
TH17012 (PtetA-flhD+C+ ParaBAD-fliK(∆aa161-200) ∆fliK flgE::3xHA) in the presence of 15 
µg/ml tetracycline and 0.2% arabinose. 
 
Figure S2: Protein levels of FliC and FliK after late fliK induction 
FliC and FliK protein levels of strains TH16791 (lines 1, 4 and 7), TH16996 (lines 2, 5 and 8) 
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and TH16997 (lines 3, 6 and 9) were analyzed by immunoblotting after late fliK induction. A. 
Cellular fractions were analyzed by immunoblotting using polyclonal anti-FliK antibodies. B. 
Supernatant fractions were analyzed by immunoblotting using polyclonal anti-FliK antibodies. 
C. Supernatant fractions were analyzed by immunoblotting using polyclonal anti-FliC 
antibodies. Strains were grown for 3 hours before induction of flagellar gene expression by 
addition of Tc. In case of samples labeled as “WT”, additionally arabinose was added to 
induce FliK expression. After 45 minutes of induction, Ara was added to cells labeled with 
“late FliK”. The cultures were grown for an additional 30 minutes before samples were taken 
to analyze protein levels as outlined in Materials and Methods. 
 
Figure S3: Data analysis of simultaneous fliK and flagellar genes expression (WT data). 
A. Hook length data, shown as asterisks, from Figure 3D replotted as -ln(1 - P(L)) vs. L, with 
the solid curve given by G(L) in equation 6 with ˆ L  = 39 nm, α = 0.66 nm-1, and ρ = 3. B. The 
function Pc(L) as estimated from wildtype data in Figure 3.  
 
Figure S4: Long and short FliK variants. Switching to filament secretion and hook 
length distribution under wildtype and polyhook conditions. 
FliK570 and FliK363 expression was induced late after 45 minutes of flagellar genes expression. 
A. First and second column: representative fluorescent microscopy images of strain TH17011 
(PtetA-flhD+C+ ParaBAD-fliK(140'-yscP(217-381)-'141fliK) ∆fliK flgE::3xHA). Third and fourth 
column: strain TH17012 (PtetA-flhD+C+ ParaBAD-fliK∆161-202 ∆fliK flgE::3xHA). Tc was 
removed prior to addition of arabinose to prevent formation of nascent HBBs. Number of cells 
counted for the presence/absence of HBB-filament complexes: “WT (FliK570)” = 195, 
“polyhook (FliK570)” = 425, “WT (FliK363)” = 377, “polyhook (FliK363)” = 952. Fraction of 
HBBs with attached filaments is given in the upper left corner. DNA (blue), hooks (white) and 
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filaments (green). Scale bar = 2 µm. B. First and second column: representative electron 
micrograph images of hooks isolated from strain TH16996 (PtetA-flhD+C+ ParaBAD-fliK(140'-
yscP(217-381)-'141fliK) ∆fliK). Third and fourth column: strain TH16997 (PtetA-flhD+C+ 
ParaBAD-fliK∆161-202 ∆fliK) Scale bar = 50 nm. C. Histogram of measured hooks of strain 
TH16996 (first and second column) and TH16997 (third and fourth column). Number of 
measured hooks: “WT (FliK570)” = 85, “polyhook (FliK570)” = 217, “WT (FliK363)” = 34, 
“polyhook (FliK363)” = 108. D. Cumulative distribution function of hooks measured for 
TH16996 (first and second column) and TH16997 (third and fourth column). 
 
Figure S5: Nucleotide sequence of artificial fliK363 variant compared to the physiological 
fliK363 variant. 
Alignment of the physiological fliK363 variant (top sequence, labeled Seq_1) and the artificial 
fliK363 variant (bottom sequence, labeled Seq_2). The nucleotide sequence of the codon-
optimized artificial variant is 60.44% identical to the physiological fliK363 variant thus 
allowing for λ-RED-mediated recombination. 
 
Figure S6: FliK levels of strain TH16791 expressing wildtype FliK405 from PBAD. 
Left panel: Pellet and supernatant fractions were analyzed by immunoblotting using 
polyclonal anti-FliK antibodies. Middle panel: Hook length distribution of purified hook-
basal-body complexes of strain TH16791. The average hook length ± s.d. is given in the upper 
left corner and was obtained by non-linear regression analysis of the Gaussian distribution. 88 
hooks were measured. Right panel: Schematic of the genetic construct. 
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
             M  I  T  L  P  Q  L  I  T  T  D  T  D  M  T  A  G  L  T  S  
Seq_1  1     ATGATCACCCTGCCCCAACTGATCACCACCGATACCGACATGACCGCGGGTCTGACGTCA  60
             ||||| ||  | || ||  | || || || || || || ||||| || ||  | ||    
Seq_2  1     ATGATTACGTTACCGCAGTTAATTACTACGGACACGGATATGACTGCCGGCTTAACCAGC  60
             M  I  T  L  P  Q  L  I  T  T  D  T  D  M  T  A  G  L  T  S  


             G  K  T  T  G  S  A  E  D  F  L  A  L  L  A  G  A  L  G  A  
Seq_1  61    GGAAAAACCACCGGTTCAGCCGAGGACTTTCTGGCGCTCCTGGCGGGCGCGTTAGGCGCA  120
             || || || || ||    || || || ||  | || ||  | || || ||  | || || 
Seq_2  61    GGCAAGACGACTGGCAGCGCAGAAGATTTCTTAGCCCTGTTAGCCGGTGCCCTGGGTGCG  120
             G  K  T  T  G  S  A  E  D  F  L  A  L  L  A  G  A  L  G  A  


             D  G  A  Q  G  K  D  A  R  I  T  L  A  D  L  Q  A  A  G  G  
Seq_1  121   GACGGCGCACAGGGCAAAGACGCCCGCATCACGCTGGCCGATTTACAGGCGGCAGGCGGC  180
             || || || || || || || || || || ||  | || ||  | || || || || || 
Seq_2  121   GATGGTGCGCAAGGTAAGGATGCGCGTATTACCTTAGCGGACCTGCAAGCTGCGGGGGGT  180
             D  G  A  Q  G  K  D  A  R  I  T  L  A  D  L  Q  A  A  G  G  


             K  L  S  K  E  L  L  T  Q  H  G  E  P  G  Q  A  V  K  L  A  
Seq_1  181   AAGTTATCGAAAGAGCTACTGACCCAACATGGCGAGCCGGGCCAGGCGGTGAAGCTTGCC  240
             ||  |    || || ||  |||| || || || || || || || || || ||  | || 
Seq_2  181   AAACTGAGCAAGGAACTGTTGACGCAGCACGGTGAACCTGGTCAAGCTGTTAAATTGGCG  240
             K  L  S  K  E  L  L  T  Q  H  G  E  P  G  Q  A  V  K  L  A  


             D  L  L  A  Q  K  A  N  A  T  D  E  T  L  T  D  L  T  Q  A  
Seq_1  241   GACCTGCTGGCGCAAAAAGCGAATGCGACGGATGAAACGCTTACCGATCTGACACAAGCG  300
             ||  |  |||| || || || || || || || || ||  | || ||  | || || || 
Seq_2  241   GATTTATTGGCCCAGAAGGCCAACGCTACCGACGAGACCTTAACGGACTTAACCCAGGCC  300
             D  L  L  A  Q  K  A  N  A  T  D  E  T  L  T  D  L  T  Q  A  


             Q  H  L  L  S  T  L  T  P  S  L  K  T  S  A  L  A  A  L  S  
Seq_1  301   CAGCATCTACTGTCTACGCTAACGCCATCGTTGAAAACCAGCGCTCTGGCCGCACTGAGT  360
             |||||| ||||    ||  | || ||     |||| ||    ||  | || ||  |    
Seq_2  301   CAGCATTTACTTAGCACCTTGACTCCTAGCCTGAAGACGTCGGCCTTAGCGGCCTTATCC  360
             Q  H  L  L  S  T  L  T  P  S  L  K  T  S  A  L  A  A  L  S  


             K  T  A  Q  H  D  E  K  T  P  A  L  S  D  E  D  L  A  S  L  
Seq_1  361   AAGACGGCGCAGCATGATGAGAAAACGCCCGCGCTGAGCGATGAGGATCTTGCCAGTCTG  420
             ||||| ||||| || || ||||| || || ||  |   ||| || ||  | ||     | 
Seq_2  361   AAGACCGCGCAACACGACGAGAAGACTCCTGCCTTATCCGACGAAGACTTAGCGTCCTTA  420
             K  T  A  Q  H  D  E  K  T  P  A  L  S  D  E  D  L  A  S  L  


             S  A  L  F  A  M  L  P  G  Q  P  V  A  T  P  V  A  G  E  T  
Seq_1  421   AGCGCCTTATTCGCCATGCTGCCCGGACAACCTGTCGCGACGCCTGTCGCCGGAGAAACG  480
                ||  | || || ||| | || || || || || || || || || || || || || 
Seq_2  421   TCTGCGCTGTTTGCGATGTTACCGGGCCAGCCGGTGGCTACACCGGTTGCAGGCGAGACT  480
             S  A  L  F  A  M  L  P  G  Q  P  V  A  T  P  V  A  G  E  T  


             R  A  S  D  D  R  A  T  G  P  A  L  T  P  L  V  V  A  A  A  
Seq_1  481   CGCGCCAGCGACGATCGCGCCACGGGGCCAGCACTGACGCCGCTGGTAGTCGCTGCCGCC  540
             || ||   ||| || || || || || || ||  |||| ||  | || || || || || 
Seq_2  481   CGTGCGTCCGATGACCGTGCGACCGGTCCGGCGTTGACTCCTTTAGTTGTAGCCGCGGCT  540
             R  A  S  D  D  R  A  T  G  P  A  L  T  P  L  V  V  A  A  A  


             A  T  S  A  K  V  E  V  D  S  P  P  A  P  V  T  H  G  A  A  
Seq_1  541   GCGACCAGCGCGAAAGTGGAGGTGGATAGCCCGCCCGCGCCAGTAACGCATGGCGCGGCA  600
             || ||   ||| || || || || ||   ||| || || || || || || || || || 
Seq_2  541   GCCACGTCCGCCAAGGTTGAAGTTGACTCCCCTCCGGCTCCGGTGACCCACGGTGCCGCG  600
             A  T  S  A  K  V  E  V  D  S  P  P  A  P  V  T  H  G  A  A  


             M  P  T  L  S  S  A  T  A  Q  P  L  P  V  A  S  A  P  V  L  
Seq_1  601   ATGCCGACGCTCAGCAGCGCCACGGCGCAACCGCTACCTGTCGCCTCAGCCCCGGTACTC  660
             ||||| ||  |   |   || || || || || || || || ||    || || ||  | 
Seq_2  601   ATGCCTACCTTATCCTCTGCGACTGCTCAGCCTCTGCCCGTTGCTAGCGCGCCTGTGTTG  660
             M  P  T  L  S  S  A  T  A  Q  P  L  P  V  A  S  A  P  V  L  


             S  A  P  L  G  S  H  E  W  Q  Q  T  F  S  Q  Q  V  M  L  F  
Seq_1  661   AGCGCGCCGTTAGGCAGCCATGAATGGCAGCAAACGTTCAGTCAGCAGGTCATGTTATTT  720
               ||| ||  | ||    || || ||||| || || || || || || || ||| | || 
Seq_2  661   TCCGCCCCTCTGGGATCGCACGAGTGGCAACAGACCTTTAGCCAACAAGTTATGCTGTTC  720
             S  A  P  L  G  S  H  E  W  Q  Q  T  F  S  Q  Q  V  M  L  F  


             T  R  Q  G  Q  Q  S  A  Q  L  R  L  H  P  E  E  L  G  Q  V  
Seq_1  721   ACGCGTCAGGGACAGCAAAGCGCGCAGCTTCGATTGCATCCGGAAGAGTTAGGTCAGGTG  780
             || || || || || ||    || ||  | ||  ||||||| |||||| | || || || 
Seq_2  721   ACTCGCCAAGGTCAACAGTCTGCTCAATTACGTCTGCATCCTGAAGAGCTTGGACAAGTC  780
             T  R  Q  G  Q  Q  S  A  Q  L  R  L  H  P  E  E  L  G  Q  V  


             H  I  S  L  K  L  D  D  N  Q  A  Q  L  Q  M  V  S  P  H  S  
Seq_1  781   CATATTTCGCTCAAGCTGGATGACAATCAGGCGCAGCTCCAGATGGTATCGCCGCACAGC  840
             || ||    || ||  | || || || || || ||  | ||||||||    || ||    
Seq_2  781   CACATCAGCCTGAAATTAGACGATAACCAAGCTCAATTACAGATGGTCAGCCCTCATTCT  840
             H  I  S  L  K  L  D  D  N  Q  A  Q  L  Q  M  V  S  P  H  S  


             H  V  R  A  A  L  E  A  A  L  P  M  L  R  T  Q  L  A  E  S  
Seq_1  841   CATGTCCGCGCCGCGCTGGAAGCCGCCCTGCCCATGTTGCGCACCCAGTTGGCGGAAAGC  900
             || || || || ||  | ||||| ||  | || ||| |||| || ||  |||| ||   |
Seq_2  841   CACGTACGGGCTGCATTAGAAGCAGCGTTACCGATGCTGCGTACACAACTGGCCGAGTCC  900
             H  V  R  A  A  L  E  A  A  L  P  M  L  R  T  Q  L  A  E  S  


             G  I  Q  L  G  Q  S  S  I  S  S  E  S  F  A  G  Q  Q  Q  S  
Seq_1  901   GGCATTCAGTTGGGACAAAGCAGTATCAGTAGCGAAAGCTTTGCCGGACAGCAGCAGTCT  960
             || || ||  |||| ||       || ||   |||   ||| || || || ||||||   
Seq_2  901   GGGATCCAACTGGGTCAGTCGTCCATTAGCTCCGAGTCCTTCGCAGGTCAACAGCAGAGC  960
             G  I  Q  L  G  Q  S  S  I  S  S  E  S  F  A  G  Q  Q  Q  S  


             S  S  Q  Q  Q  S  S  R  A  Q  H  T  D  A  F  G  A  E  D  D  
Seq_1  961   TCGTCGCAACAACAGTCTTCCCGCGCCCAACACACGGACGCGTTTGGCGCTGAAGATGAC  1020
                   || ||||||      || || || || || || || || || || || || || 
Seq_2  961   AGTAGCCAGCAACAGAGCAGTCGTGCTCAGCATACCGATGCATTCGGTGCCGAGGACGAT  1020
             S  S  Q  Q  Q  S  S  R  A  Q  H  T  D  A  F  G  A  E  D  D  


             I  A  L  A  A  P  A  S  L  Q  A  A  A  R  G  N  G  A  V  D  
Seq_1  1021  ATAGCGTTAGCGGCGCCGGCCTCGCTTCAGGCCGCCGCGCGCGGCAATGGCGCAGTGGAT  1080
             || ||  | || ||||| ||     | || || || || || || || || || || || 
Seq_2  1021  ATCGCCCTGGCTGCGCCCGCGAGCTTACAAGCTGCGGCCCGGGGAAACGGGGCGGTTGAC  1080
             I  A  L  A  A  P  A  S  L  Q  A  A  A  R  G  N  G  A  V  D  


             I  F  A  *  
Seq_1  1081  ATCTTCGCCTAA  1092
             || || || | |
Seq_2  1081  ATTTTTGCGTGA  1092
             I  F  A  *  

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